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ini ta ted  xmder  KX)  463 -b,  entitled  "Principloi:  of  the 
Effect  of  Rare-Earth  Additions  on  the  High  Terperaturo 
Properties  of  UagDerni*".  It  was  adminitered  under 
the  direction  of  the  Aeronautical  Resoarcli  Laboratory 
(WCRRL),  Directorate  of  Resoareh,  Wright  Air  Develop- 
ment Center,  with  Lt.  John  P.  Hirth  acting  as  project 
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WADC  TR  54-230 


ABSTRACT 


The  creep  rriechanlBin  ar.d  kinetlcB  of  fine-grained 
mae-neeium  have  been  studied  over  the  temperature  ranpe 
?00  to  oOOF.  Aa  a result  of  a photographic  °tudy  of 
mlcroatractural  changes,  transient  and  steady-state  creep 
components  have  been  correlated  with  slip,  subgraln 
formation,  and  cyclic  deformation  at  the  grain  boundaries. 
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CREEP  BEHAVIOR  OF  EXTi  'OED  ELEfTl^OLYTIC  MAQNE3IUM 

\ 

INTRODUCTION 

The  ' >.i  of  i,Ui«  r\:;^aearc:h  has  been  the  blend  of  a 

quantitative  study  of  the  ere e-ji  'i train  of  polycrystalllne 
raagneslUiD  as  a function  of  time,  stress,  and  temperature  with 
direct  mlcrostructural  observations  of  the  operative  deformation 
processes.  The  validity  of  the  conclusions  Is  dependent  on  the 
condition  that  the  mlcrostructural  changes  seen  on  the  polished 
surface  qualitatively  represent  those  occurring  In  the  bulk  of 
the  metal.  The  work  was  Intended  as  much  to  lay  a background 
to  a study  of  highly  creep- resle tant  magnesium  alloys  as  to 
provide  a description  of  the  behavior  of  the  base  metal  Itself. 


The  spectroscopic  analysis  of  the  electrolytic  magnesium 
used  In  this  study  Is  as  follow'j.:  Al,  0.0095^;  Ca,<0.01;  Cu, 

0.0011;  Fe,  0.021;  Mn,  0.012;  Nl,  0.0004-;  Pb , 0.0012;  91, 

<0.001;  3n,<  0.001;  and  Zn,<0.01.  The  Impurity  level  Is 
approximately  that  of  commercial  magnesium  alloys.  The 
original  Ingot  was  melted  under  Dow  type  3IO  flux  and  cast  as 
a 3 Inch  diameter  billet.  It  was  extruded  Into  1-1/4  x l/S 
Inch  flat  stock  under  the  conditions:  billet  preheat  SOOF 

(1  hour),  container  and  die  temperature  gOOF,  speed  3 feet 
per  minute,  and  area  reduction  ratio  45:1.  The  extrusion 
L'rocess  was  chosen  In  preference  to  rolling  and  recrystalllzatlon 
^^^cause  It  allowed  easier  gralr  size  control  from  specimen  to 
>lmen. 


spe 


and  un 
The  prefe 
direction 
reflection 


;e  grains  of  the  extruded  metal  were  fairly  equiaxial 
irm  In  the  size  range  of  4 to  6 thousandths  of  an  Inch, 
"ifed  orientation  of  basal  planes  about  the  transverse 
e determined  by  an  X-ray  diffraction  surface 
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directed  at  in  an^>;le  of  17®  to  both  the  tranflverse  direction 
and  the  gurl'ice  yet  perpendicular  to  the  extruBlon  axis. 
Analysis  of  ;he  (002)  diffraction  arcs  In  the  resulting  photo- 
graphic patterns  gave  an  approximate  Intensity  distribution 
along  the  great  circle  which  extends  through  the  center  of 
the  basal  plane  pole  figure  and  to  the  extrusion  axis  poles. 
Successive  layers  of  metal  were  removed  by  macroetching 
between  exposures. 

The  extruded  texture  Is  relatively  sharp,  but  the  most 
significant  point  Is  the  position  of  the  maximum  basal  plane 
pole  density  and  Its  variation  with  depth  below  the  surface. 
Figure  1 shows  that  this  maximum  Is  rotated  15®  from  the 
normal  at  the  surface  toward  the  extrusion  direction.  Such  an 
Inclination  has  been  reported  for  extruded  1%  Mn  and  kl-0,^% 
Zn  alloys^^L  The  Inclination  decreases  until  the  maximum 
splits  at  about  0.025  Inch  depth  Into  two  elements  of  equal 
and  opposite  rotatlone  from  the  Ideal.  The  double  texture 
persists  to  as  great  a depth  as  was  experimentally  convenient 
to  examine.  It  probably  continues  to  the  very  center  of  the 
extrusion.  There  Is  no  great  change  In  the  sharpness  of  the 
Individual  elements  of  the  texture  with  depth. 

A plate  of  metal  about  0.015  Inch  thick  at  the  surface 
of  the  extnided  stock  was  produced  by  etching.  A transmission 
diffraction  pattern  was  made  for  the  pui^jose  of  determining 
any  preferred  orientation  of  a direction  In  the  basal  planes. 
Relatively  uniform  £l00j  and  £l0lj  rings  were  produced.  There 
Is  little  tendency  for  parallelism  of  a given  direction  in  the 
plane- with  the  projection  of  the  extrusion  axis  on  It. 

The  creep  specimens  were  machined  from  6-1/4  Inch  lengths 
of  the  exti'uded  stock.  Creep  was  measured  on  the  reduced 
section,  1/2  X l/?  x 2-1/4  inch  long.  This  section  was 
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elec  ti'opollflhed  on  one  side  for  the  stndieH  of  mlcrost  rue  tural 
ch.-iiigeg  during  creep.  An  orth ophooph orlc  acld-cthyl  alcohol 
electrolyte  waa  used  under  the  conditions  recommended  by 
Jacquetv?).  Hand  pniishlnp-  waa  used  for  previous  mechanical 
preparation.  Electropollahlnp;  waa  continued  until  all  mechanical 
twins  had  been  removed.  The  electropollshed  surface  v/as 
protected  f ■ orr.  oxidation  during  creep  testing  by  a thin  layer  of 
alllc'^ne  oil.  All  micrographs  were  taken  at  room  temperature  ^^n 
conventional  metallographlc  equipment  and  after  removal  of  the 
oil  film. 

The  creep  tests  were  performed  with  machines  which  have 
been  described  In  detail  by  Moore  and  McDonald^^).  Five 
testing  temperatures,  200,  300 , 4f)0,  5'^0,  and  600  4 3F  were 
used.  Difference  In  temperature  between  the  two  ends  of  the 
specimen  reduced  section  was  2.®F  oi*  less.  The  testing  was  done 
at  constant  load.  Strain  readings  were  taken  as  frequently  as 
necessary  to  develop  usable  creep  curves. 

TENSILE  CPEEP  VERSUS  TINS,  STRESS,  AND  TEMPERATURE 

A definition  of  terms  Is  necessary.  Whenever  successive 
sections  of  a creep  strain-time  curve  show  decreasing,  constant, 
and  Increasing  slope  with,  time  they  will  be  termed  primary, 
secondary,  and  tertiary  creep,  respectively.  The  terms 
transient  and  steady-state  creep  will  be  applied  In  the 
conventional  manner  to  the  two  separable  elements  which  show 
finite  decreasing  and  constant  strain  rates,  respectively, 
from  the  beginning  of  the  test.  Prlmiary  creep  may  be  used 
for  a quantitative  analysis  of  the  transient  co.mponent  only 
when  the  steady-state  creep  Is  negligible.  Secondary  creep 
miay  be  analyzed  as  steady-stage  creep  only  when  the  transient 
element  Is  negligible. 
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Quantitative  analyses  of  the  linear  coordinate  plots 
of  creep  strain  vei'sus  time  for  niapineslurn  proved  the  existence 
of  both  transient  and  ateady-s  ..ate  components.  Transient  creep 
was  predominant  for  all  stresses  tested  at  the  lowest  tempera- 
ture of  teat,  200F.  Steady-state  creep  becomes  m.ore  predom- 
inant as  the  temperature  Increased  and  to  a lesser  extent  as 
the  stress  decreased.  There  la  nc|2:l  Iplble  transient  crf^ep  at 
the  limit  of  low  stresses  at  pnOF.  The  representative  creep 
curves  shown  In  Flpures  2 and  3 Illustrate  the  change  of  curve 
shape  over  the  exper l.mcntal  range  of  stress  and  temperature. 
Transient  creep  Is  predomilnant  In  the  curves  of  Flpxire  2. 

Figure  3 Illustrates  the  predominance  of  steady-state  creep. 
Tertiary  creep  was  never  observed,  although  many  tests  were 
carried  to  a creep  strain  of  0.10. 

In  the  first  phase  of  this  Investigation  creep  curves 
were  obtained  from  tests  at  the  temipe ra'*' ure s of  100,  *100, 
and  6OOF.  Each  test  was  continued  until  rectlllnearlty  of  the 
plot  had  demonstrated  the  existence  of  secondary  cre«p. 

Secondary  creep  was  never  generated  within  the  m.easurable 
strain  range  In  the  tests  at  200F.  The  first  kinetic  analyses 
were  made  with  secondary  creep  rate,  stress,  and  temrerature 
as  the  variables.  Attempts  were  made  to  fit  Isothermal  r-ate 
data  to  the  exponential,  power,  and  hyperbolic  sine  functions 
of  stress.  With  the  use  of  tables  constructed  for  the  purpose^^^ 
It  was  found  that  the  latter  function  gave  a poor  fit  of  the 
data.  Curvature  of  the  semllog  plot  of  stress  versus  secondary 
creep  rate  shown  In  Figure  4 constitutes  proof  of  the  Invalidity 
of  the  exponential  relation.  The  plot  of  the  data  on  log-log 
coordinates  In  Figure  ^ Is  a test  of  the  power  relation  between 
stress  and  secondary  creep  rate.  The  rectlllnearlty  of  the 
Isotherms  proves  the  validity  of  the  power  function.  A 
relatively  sharp  transition  between  two  straight  line  segments 
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in  each  isotherm  is  required  to  fit  the  data.  Such  transition' 
have  been  reported  and  discussed  by  Servl  and  Grant ^5) (6) ^ 

Transient  Creep;  The  creep  atraln-t Ime  data  for  the  higher 
stresses  at  200,  300,  ^100,  and  3OOF,  where  transient  creep  Is 
very  predominant,  were  plotted  on  log-log  coordinates. 

Straight  lines  were  obtained  in  agreement  with  the  equation 


where 6|  Is  transient  creep  strain;^,  a function  of  tempera- 
ture and  stress;  t,  the  time  In  hours;  and^u,  a constant. 

Values  of/5  and  "Tu  , whiich  are  equal  to  the  Intercept  at 
1 hour  and  slopes  of  the  straight  line,  re <^pectlvely , are 
given  in  Table  I.  A remarkable  constancy  of  ru  with  an  average 
value  of  0.53  was  found.  The  dependence  of/r  on  stress  and 
te^'perature  Is  shown  In  Figure  6.  Straight  and  reasonably 
parallel  lines  prove  that  /5  Is  of  the  form  B(T)o^  whereorv, 
the  average  slope  In  Figure  c.  Is  4.0.  A straight  line  In 
the  plot  of/3  at  3000  pal  versus  the  reciprocal  of  the  absolute 
temperature.  Figure  7»  shows  B(T)  to  be  of  the  form 
The /5  values  plotted  are  the  Intercepts  cf  the  lines  In  Figure 
c,  using  extrapolation  of  the  5^^^  data.  The  temperature 
coefficient  Is  equal  to  15,500  cal  per  gram  atom.  In  the 
experlm.ental  range,  the  average  slope  In  Figure  6,  is  4.0. 
Transient  creep  in  the  range  of  200  to  50OF  and  I25O  to  10,000 
psl  may  be  represented  by: 

4.5  X 10“9  e 

Steady-State  Creep;  Calculations  were  made  of  the  transient 
creep  rate  de/dt  v'hlch  was  occurring  at  the  strain  level  of 
Individual  curves  where  the  secondary  creep  rate  was  measured 
for  the  general  kinetic  analysis.  Comparison  of  these  rates 
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with  the  meaaurcd  .secondary  :atct',  led  to  an  ired  rates 

of  the  transitions  shown  In  Flf^^re  3*  ''’^'’^'^1;  on  the  Mf 

are  crcdomlnantl;  the  steady- state  creep  ele.ten\\^j,  condlti: 
temperature-low  strea.s  .olde  of  a transition. 
represented  by  the  lew  to.mperature-h Igh  stress  slc^ 
transition,  the  measured  rates  are  predominantly  tm 
creep  element.  Because  of  the  markedly  different  at; 
dependence  of  the  two  rates,  only  In.  the  near  vicinity 
tranaltlon  on  the  lop-lop  plot  are  they  of  the  aame  order 
mapnltude  at  the  strain  levels  where  the  secondary  rates 
were  measured. 


. en  t 


•.ne 


An  analysis  of  tl'ie  stress  and  temperature  dependence  of 
the  steady-state  creep  element  alone  vras  .made  on  the  low 
stress  sepments  of  the  laothei-ms  of  Flpure  5.  The  only 
conclusion  that  coulc.  be  drawn  was  that  the  steady-state 
ci-eep  coefficient,  k,  was  a power  function  of  stress  with 
the  exponent  b a function  of  tenipei aour';-.  The  neonrable 
element  of  temperature  dependence  showed  no  simple  form. 

That  Is,  steady-state  creep  In  polycrystairine  elec  ^T'^lytlc 
mapneslura  may  be  represented  by; 

e*  = k ( ,T)t. 

DEFORKATION  rH0CE93  IN  CREEP 

Low-Temperature  Type  Deformation;  Several  electropollshed 
specimens  were  deformed  at  high  creep  rates.  Figure  f 
presents  the  mlcroatructure  of  a s'^ecimen  deformed  at  200F. 
The  mlcrostimctures  shown  in  Flt-mires  9 to  12  correspond  to 
the  teat  condltloi,?;  labe].ed  by  the  encircled  numerals  1 to 
4 in  Figure  5*  With  the  excepti 'cn  of  t'rie  one  p'rod’.;!:.-.d  .^.t 
400F,  the  structures  may  be  directly  compared  at  a total 
creep  strain  of  about  0.04. 

The  slip  lines  are  straight  with  a fineness  and 
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unlfoiTulty  of  apacir  ; which  decrease  with  Increaslnp  temper- 
ature. The  foi'mat  1 p 1 of  sharp  subgrains  Is  common  to  all 
temperatures.  The  iinarpness  of  the  subboundaries  Is  clearly 
shown  vlth  vertical  Illumination  In  Figure  10.  At  the  lower 
strain  level,  obllqje  illumination  Is  valuable  In  revealing 
their  sharpness  as  in  Figure  11b.  In  genei’al,  however,  oblique 
illumination  was  s’.olded  because  of  the  excessive  shadows 
produced  at  the  gre.ln  boundaries.  The  slight  deviation  of 
slip  lines  which  pas j through  the  subboundaries  and  the  results 
of  a,  few  X-ray  bacK- re  flection  studies  showed  that  neighboring 
subgrains  were  on'iy  slightly  disoriented  with  respect  to  each 
ether.  In  all  -jf  these  structures  deformation  at  the  grain 

mud:  less  than  that  within  the  grains.  However, 
the  boundary  def o.rjatlon  increases  in  magnitude  and  changes 
from  a rough  and  br;>ken-up  to  a smooth  apoearance  as  the 
temperature  Increisns. 

High-Temperature  Type  Deformation!  The  smooth  variety  of 
-grain  boundary  d<-:  fo  rmation  is  a cyclic  process  of  sliding  and 
tr.ir'-p.tl  OP  which  Is  best  studied  under  conditions  when  It  Is 
predominant.  Figures  I3  to  14  which  correspond  to  points  5 
and  6 on  the  low-stress  high- temperature  segment^  in  Figure 
5 present  micros tial^t'ures  obtained  when  primary  creep  was 
nearly  absent.  The  mechanical  twins  and  vertical  polishing 
Bcratches  which  unfortunately  appear  in  Figure  I3  were  present 
before  testing  oecause  of  insufficient  electropolishing  of 
this  specimen  only.  All  other  specimens  used  in  the  rtnearch 
were  free  of  twins  and  scratches  after  electropollahl ng.  Sub- 
grain  formation  has  dlsappeai’cd  and  slip  lines  are  few  in 
number.  The  ribbing  of  the  displaced  regions  was  the  first 
clue  to  the  cyclic  nature  of  the  process.  Inspection  of  many 
grain  bounaa;rl8B  revealed  the  following  characteristics: 

1.  Ir  almost  all  cases  grain  boundary  sliding  is  such 
that  the  grain  having  the  convex  surface  boundary  contour 

sub  side  a. 


WADC  TR  5'i-230 


- 7 - 


2.  In  all  caaea  p;raln  boundary  migration  la  "downhill", 
l.e.  , Into  the  auhalded  grain.  Thua  It  is  almoat  alwaya  In 
the  normal  direction  for  gi’aln  growth  (grain  boundary  energy 
Itiduced  process). 

Grain  growth  Is  negligible  If  apeclmena  are  annealed  at 
temperacurea  and  for  times  equal  to  thoae  necessary  to  produce 
boundary  migration  In  the  cyclic  deformation  proceaa.  It  Is 
reasonable  to  regard  the  procesa  aa  one  ‘>'’<■’6 derated  grain 
growth  accompanied  by  the  generation  of  strain.  The  proce.-j 
can  lead  to  the  ultimate  consumption  of  grains  as  la  shown 
In  Figures  12  and  I3.  A series  of  photographs  which  also 
Illustrates  this  point  and  which  corresponds  to  point  7 in 
Figure  5 hsis  been  preaented^"'’'^ . 


DI3CU33I0N  OF  RESULTS 

The  cyclic  grain  boundary  deformation  process  la  perhaps 
the  most  striking  one  observed  In  this  research.  It  has  been 
observed  and  analyzed  In  the  creep  of  polycryatalllne  aluminum 
by  3ervl  and  Grant^^)(^)  and  Chang  and  Grant^^^^^^.  The 
latter  Investigators  employed  precise  measurements  of  creep 
across  the  boundaries  to  obtain  cyclic  creep  curves  which 
correlated  with  the  alternate  elements  of  sliding  and 
migration.  The  structure  resulting  from  this  proceaa  appears 
In  the  micrographs  of  aluminum  by  Hanson  and  Wheeler, 

Wilms  and  Wood,^i^^  and  McLean, Iron  alloys  by  Jenkins 
and  Mellor,^^^^  zinc  by  Cottrell  and  Aytekln^^3^  and  Ramsey, 
tln-axOtlmony  alloy  by  Betterldge  and  Franklin , ^ ^5 ) lead- 
thallium  al].oy  by  Glfklns,^^^^  magnesium  by  Suiter  and  Wood,^^?) 
and  tin  by  Puttlck  and  King.  ^^7) 


Sliding  appears  to  occur  In  boundaries  nearest  to  4-5®  to 
the  stress  axis  until  stopped  by  the  local  Interference  at 
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edges  ai'id  vertices.  The  strain  enert^y  localized  at  the 
grain  boundary  regions  then  accelci’ates  the  activation  of 
boundary  (nlgratlon.  The  migration  evidently  lowers  the 
strain  energy  (local  stress  relief)  and  allows  more  slldlnp; 
at  the  boundary.  In  other  words,  the  process  Is  guided  by 
the  tendency  to  lower  both  strain  energy  and  surface  energy. 
This  was  a conclusion  reached  in  a pi'evlous  study  of  aluminum. 
The  sparseness  of  slip  lines  In  Figures  I3  and  I'S  indicates 
that  in  the  limiting  case  of  high  temjpei'ature  and  low  stress 
this  process  may  be  the  sole  mechanism  of  creep.  The  change 
of  mass  of  the  grain  adds  another  degree  of  freedom  not 
possessed  by  the  deformation  processes  which  lead  only  to 
change  of  grain  shape. 

The  predom.lnance  of  grain  boundary  deformation  correlates 
with  the  predominance  of  steady-state  creep.  Perhaps  the 
constancy  of  creep  rate  results  from  the  existence  of  the 
cyclic  self-recovery  which  boundary  migration  provides.  The 
whole  picture  developed  from  these  studies  of  creep  rate  and 
mlcrostruc tural  changes  supports  the  concept  of  transient 
creep  resulting  from  deformation  within  the  grains  and  steady- 
state  creep  from  gral*i  boundary  deformation.  This  vlewaolnt 
was  first  presented  by  Andrade ^ ^9)  and  has  since  been 
supported  by  many  In  vest  Iga  tors  ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ . 

Although  transient  creep  In  mamealumi  obeys  the  power 
function  of  time,  the  exponent,  0,53>  differs  from  the 
classical  value  l/3*  This  is  in  contrast  with  the  work  on 
zinc  by  Coctrell.  and  Aytekln^^3)  and  that  on  aluminum  by 
Servl  and  Grant  (5)  where  agreement  vras  found.  This  difference 
may  be  due  to  the  testing  conditions  of  constant  load  rather 
than  constant  stress.  If  t'^ls  were  the  cause.  It  would 
hardly  ^eem  possible  to  obtain  such  consistent  results, 
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however.  The  exponential  relation  betweer,  transient  creep 
and  temperature  has  been  feund  to  hold  over  a ranp-e  of  3^^^ 
(I67C)  for  extruded  electrolytic  mapnenlum.  It  has  been 
proven  for  nickel  over  a 75*^  range  by  Hazlett  and  Parker^^^) 
and  for  zinc,  alumln’om,  and  magnesium  over  a lOOC  range  by 
Cru ssard. ( The  latter  Investigator  reported  Q for  mag- 
nesium as  ranging  from  lc,000  to  1?,000  cal  per  gram  atom, 
a good  agreement  with  the  result  of  this  research.  There 
Is  no  evidence  that  ft  can  be  Identified  as  the  activation 
energy  of  any  simple  rate-controlling  procops. 

The  occurrence  of  twljinlng  was  not  found  In  any  of  the 
mlc rostruc tural  studies  of  extruded  mam e slum,.  This  can  be 
understood  after  an  examination  of  the  preferred  orientation, 
Figure  1.  When  basal  planes  lie  at  small  angles  to  the 
tension  axis,  twinning  Is  not  to  be  expe'ted.  However,  recent 
work  on  very  coarse  grained  m,agneslura  by  Chaudhurl  et  al.  (23) 
and  the  studies  of  zinc  by  Cottrell  and  Aytekln^^3)  and 
magnesium  by  Suiter  and  Wood^^^)  have  shown  that  when 
orientation  conditions  allow  It  twinring  plays  an  Important 
part  In  creep  behavior.  Recent  work  on  the  rare-earth  alloys 
of  magnesium  In  this  laboratory  has  elucldaled  Liu::’  rolps  of 
twinning  and  also  of  ron-basal  clip  In  creep  def oi-mat  1 on. 

The  results  will  be  reported  elsev.^here. 


The  significance  of  subgrain  formation  In  the  creep 
defor.matlon  of  aluminum;,  zinc  and  magnesium  has  been  well 
e8tabllshed.<6Hll)(13-15)(17H2jH?‘t)(P6) 

of  this  poly  crystalline  deformation  process  to  kinking  and 
polygonlzat 1 on  phenomena  In  single  crystals  has  been  discussed 
by  Washburn  and  "Parker.  (30) 

They  Illustrate  how  continuity 
at  grain  boundaries  miay  be  aided  by  the  occurrence  of  sub- 
grain formiarlon.  It  has  been  concluded  In  some  of  the  oast 
Investigations  that  the  process  Is  of  Importance  only  at  ‘^Igh 
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I e;r.poi'ature e and  low  creep  rates  and  further  that  there  is 
an  appreclahle  Increase  of  subTra.m.  size  with  Increasing 
t emperatui'e . The  present  results  show  that  subgrain  formation 
In  magnesium  Is  moat  pr'Oi.ounced  at  high  creep  rates  at  all 
temperatures.  As  the  C2’eep  rate  decreases  at  a given  t empera- 
tui'e,  It  disappears  before  slip  does.  The  cyclic  boundary 
deformation  serves  as  its  successor.  The  mlcrostructural 
studies  show  no  appreciable  change  In  subgrain  size  over  the 
entire  experimental  range  of  temperature  and  creep  rate. 

The  results  shov.'  that  with  Increasing  temperature  and 
decreasing  stress,  predominance  In  creep  changes  from  the 
processes  of  slip  and  subgrain  formation  to  that  of  grain 
boundary  deformation.  It  seems  possible  that  at  very  low 
stresses  and  at  tem.pe ra* ures  approaching  the  rrieltlng  point, 
the  viscous  self-dlf r'uslon  pi’ocess  postulated  by  Nabarro^^5) 
and  Herring^ ^ may  become  predom.lnant . All  these  processes 
must  overlap  each  other  In  oper^atlon.  Nevertheless,  transitions 
may  be  expected  from  one  to  the  other  as  the  major  creep  rate- 
controlling  process. 

Fortunately  It  Is  becoming  more  and  more  anparent  as 
time  passes  that  there  Is  more  slmiilarlty  than  difference 
In  the  creep  m.echanlsm,  and  kinetics  of  polycrystalline  metals. 
The  agreement  between  studies  of  imae-neslum,  aluminum,  and 
zinc  points  out  that  although  m.lnor  differences  may  be  of 
technical  imiportance,  they  can  generally  be  Integrated  Into  a 
coherent  picture  of  the  fundamentals. 


CONCLUSIONS 

1.  The  creep  strain  of  extruded  polycrystc-lllne  electro- 
lytic magnesium  over  the  tem^perature  range  200  to  600F  consists 
of  both  ti'ai'.slent  and  steady-state  elements.  The  two  elements 
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of  creep  strain  may  he  represented  as  function  of  time, 
stress  and  temperatiare  by: 


^ ^ -15.500  fc  (T) 

6=  4.5  X 10-9  e ^4-,ot'’-s3+  k(o-  ,T)t. 

2.  A roather  sharp  transition  occurs  betv/een  two  straight 
line  segments  of  the  Isotherms  In  the  log-lop  plot  of  stress 
versus  observed  secondary  creeo  rote.  This  results  from  the 
markedly  different  stress  and  temperature  dependence  of  the 
two  creep  components. 

3.  Tlie  transient  comnonent  of  creep  results  from  the 
Int ragranular  processes  of  basal  slip  and  subgrain  formation. 
It  Is  of  major  Importance  at  low  temperatures  and/or  high 
stresses. 


4.  The  steady-state  element  of  creep  results  from  a 
cyclic  process  of  sliding  and  migration  of  the  grain  boundaries. 
It  is  predominant  at  high  te:nperatures  and/or  low  stresses. 

5.  Slip  lines  become  coarser  and  less  uniformly  spaced 
as  the  creep  temperature  Increases. 

6.  The  size  of  subgraing  formed  In  creep  Is  Indeoenaent 
of  creep  rate  and  temperature  over  the  experimental  range 
studied. 
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TABLE  1 

Stress  and  Temperature  Depe ndence  o f 


Temperat 

F 

ure  Stress 

Psl 

11/ 

/3 

200 

3,000 

0.52 

0.00019 

4,500 

0.5? 

0.000?? 

6,000 

0.56 

0.0034 

^ r\r-\r\ 

0-  FO 

0.0124 

10,000 

0.53 

0.025^5 

Averacre 

0.55 

300 

2,500 

0.49 

0.001? 

3,500 

0.50 

0.0066 

4,000 

0.50 

0.0110 

5,000 

0.54 

0.0260 

6,000 

0.55 

0.0450 

Average 

0.53 

400 

1 , 200 

0.53 

0.0004? 

1,500 

0.49 

0.00145 

1.750 

0.49 

0.00265 

2,000 

0.51 

0.0055 

2,500 

0.51 

0.0113 

3,000 

0. 49 

0.0220 

3,500 

0.53 

0.0500 

Average 

0.51 

500 

1,250 

0.54 

0.00?2 

1,750 

0.54 

0.02?5 

2,250 

o.‘^3 

o.05?o 

average 

0.54 

A\^erap;e 

0.53 

nd  m. 
7n> 


4.2 


3.9 


4.  2 


3*5 

4.0 
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Fig.  L Preferred  Orientation  of  Extruded  Eilectrolytic 
Magnesium.  Positive  Angles  Toward  Extrusion 
Direction. 
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Semi-log  Plot  of  Stress  vs  Secondary  Creep  Rote  for  Extruded 
Electrolytic  Magnesium. 
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Fig.  6.  Stress  and  Temperature  Dependence 
of  Transient  Creep* 
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FIGURE  g 

Electrolytic  Matmealum  After 
Strain  at  POOF  and  6000  Psl. 
Vert  leal. 


25OX 

0.0 ‘i  Creep 
Strese  axlq 


FIGURE  9 25OX 

Electrolytic  Magnesium  After  0.04  Green 
Strain  at  3^^^  ^^00  Psl,  Condltlona 

of  Point  1 In  Figure  5*  Stress  Axis 
Vert  leal. 
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Electrolytic  Marneqtum  n.fter  O.OS  Creep 
Strain  at  -OOF  and  3^75  'P^’l,  Conditions 
of  Point  2 in  Fipure  p*  Sti’esn  An  in 
Vert  leal. 
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PIC3URE  11a 

Electrolytic  Ms  B 1 um  After  0.0^  Creep 

3tralt'.  at  2000  Pql,  Conditions 

of  Point  3 Flg^are  S.  Stress  Axis 
Vertical.  Vertical  lilurtlnatlon. 


FIGURE  lib  25OX 

Electrolytic  Mapneslur'  Aftei’  0.04  Creep 
Stic.ln  at  ^00?  and  2000  Psl,  Conditions  of 
Point  3 In  Flcure  3*  Stress  Axis  Vertical. 
O'oliiiue  1 1 luinlna  1 1 on . 
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FIGURE  12  250  X 

Electrolytic  Marneglum  After  0.04l  Creep 
Strain  at  oOOF  and  15OO  Pal,  Conditlcns 
of  Point  4 in  Figure  5*  Stress  Axis 
Vertical. 


FIGURE  13  25OX 

Electrolytic  Magneclum  After  0.02  Creep 
Strain  at  6OOF  and  JOO  Psl,  Conditions  of 
Point  5 Figure  5*  Stress  Axle  Vertical. 
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FIGURE  25OX 

Electrolytic  Marnrslum  Aft^"*-  Creep 

Strain  at  4oqf  and  1000  Fsl , Conditions 
of  Point  6 In  Figure  5*  Strcf^a  Axis 
Vertical. 
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